Preterm birth continues to be a major global health problem associated with considerable mortality and morbidity. The world health organization estimates that about 15 million preterm infants (1 in 10 live births) are born less than 37-week post-conceptional age world wide each year. Preterm birth is the leading cause of death of babies less than 5 years [115] . Rates of prematurity vary considerably even among countries with considerable resources and range from 5 to 18%. The rate of prematurity is markedly higher in the United States, for example, compared to many countries in Europe and reached a rate of 9.6% in 2015 [36] . In the U.S. alone each year, very low birth weight (VLBW) infants comprise about 1.5% of the 4 million live births. Hence, the world wide social and economic burden is considerable and relates in large part to the chronic sequelae associated with WMI. The average lifetime costs for each person with cerebral palsy (CP) are about 1 million dollars in the United States [1] .
Although ongoing advances in the care of preterm infants have resulted in significant improvements Abstract The human preterm brain is particularly susceptible to cerebral white matter injury (WMI) that disrupts the normal progression of developmental myelination. Advances in the care of preterm infants have resulted in a sustained reduction in the severity of WMI that has shifted from more severe focal necrotic lesions to milder diffuse WMI. Nevertheless, WMI remains a global health problem and the most common cause of chronic neurological morbidity from cerebral palsy and diverse neurobehavioral disabilities. Diffuse WMI involves maturation-dependent vulnerability of the oligodendrocyte (OL) lineage with selective degeneration of late oligodendrocyte progenitors (preOLs) triggered by oxidative stress and other insults. The magnitude and distribution of diffuse WMI are related to both the timing of appearance and regional distribution of susceptible preOLs. Diffuse WMI disrupts the normal progression of OL lineage maturation and myelination through aberrant mechanisms of regeneration and repair. PreOL degeneration is accompanied by early robust proliferation of OL progenitors that regenerate and augment the preOL pool available to generate myelinating OLs. However, newly generated preOLs fail to differentiate and initiate myelination along their normal developmental trajectory despite the presence of numerous intact-appearing axons. Disrupted preOL maturation is accompanied by diffuse gliosis and disturbances in the composition of the extracellular matrix and is mediated in part by inhibitory factors derived from reactive astrocytes. Signaling pathways implicated in disrupted 1 3 in survival of very low birth weight (VLBW) infants (<1.5 kg), improved survival has been accompanied by a persistent increase in preterm survivors with chronic neurological disabilities [184] . Permanent motor impairment (i.e., CP) is reported in ~10% of preterm survivors and ranges from mild to profound spastic motor deficits [28, 81, 114, 129, 132, 180] . Neurodevelopment is further comprised in 25-50% of preterm survivors by a broad spectrum of cognitive, visual, social-behavioral, attention, and learning disabilities [7, 73, 96, 113, 167] .
Cerebral white matter injury (WMI) is the major form of brain injury in survivors of premature birth [181] . The period of highest risk for WMI is ~23-32-week post-conceptional age. In the first months of life, MRI-defined WMI in preterm survivors manifests as abnormal movements that are predictive of CP [42, 170, 171] . The impact of WMI can be appreciated from one large population-based study of children with CP. Perinatal WMI, including the necrotic lesions of periventricular leukomalacia (PVL), was the most common finding, seen in almost half (42.5%) of affected children [27] . Moreover, premature birth alone is associated with a greater risk for reduction in both cerebral white and gray matter volumes, which are associated with adverse cognitive development [2, 8, 48, 105, 118, 142, 157, 168] .
Although largely associated with premature birth, WMI may also commonly occur in some groups of full-term infants where in utero insults appear to coincide with a susceptible period in white matter development prior to the onset of cerebral myelination [106, 108, 123, 141] . WMI may occur, for example, in association with chronic placental insufficiency [120, 150, 192] . Although WMI may occur as a peri-operative complication of surgical correction of cyanotic congenital heart disease (CHD) [72, 127] , WMI in this population also commonly has its origins in antenatal factors apparently related to a prolonged period of in utero ischemia or reduced cerebral oxygenation [110, 172] . This review focuses on the pathogenesis of acquired preterm human WMI and will address its relevance to develop new strategies to prevent the cellular and molecular consequences of acute and chronic WMI.
Spectrum of focal and diffuse human white matter injury
During human cerebral development, acquired WMI is a common lesion that can vary considerably in severity. Three major forms of pathology comprise the spectrum of human WMI: focal cystic necrosis, focal microscopic necrosis, and diffuse non-necrotic lesions. The relative representation of these three types of pathology in a given patient population is related to a wide variety of clinical factors that affect the antenatal or postnatal hemodynamic stability and inflammatory status of the preterm fetus or infant. These include postnatal infections, hypoxiaischemia, hypoxemia, hypocarbia, metabolic acidosis, and hypoglycemia [19] . During intensive care, preterm infants are also often exposed routinely to multiple painful and stressful procedures that are associated with disturbances in postnatal growth [179] and brain maturation that involve both white and gray matter structures [32, 166] .
Necrotic WMI evolves to macroscopic or microscopic focal lesions
The most severe form of WMI involves large regions of cystic necrosis that typically ranges from about 1 to 6 mm in diameter. These large foci of necrosis are the hallmark of PVL, which most commonly localizes deep in the white matter adjacent to the ventricular wall [143] . However, in its most severe forms, PVL can extend into the centrum semiovale and even the subcortical white matter (Fig. 1a,  b ). PVL has a particular predilection for the white matter anterior to the frontal horn, the external angles of the lateral ventricles at the level of the foramen of Monro, and the lateral aspects of the trigone and occipital horns adjacent to the optic radiations. Severe white matter necrosis has decreased markedly in recent years. In several series, focal cystic lesions were detected by MRI in less than 5% of cases (Fig. 1c, d ) [43, 79, 84, 93, 119, 131] . Both macroscopic and microscopic forms of white matter necrosis were found to decrease by ~tenfold in contemporary cohorts relative to retrospective cases from earlier decades [33] .
Cystic necrosis is initiated as coagulation necrosis that rapidly within hours leads to death of all cellular elements (glia, axons, blood vessels, and neural progenitors) because of severe energy failure. Major features include nuclear pyknosis, cytotoxic edema with tissue vacuolation, and focal axon swellings (axonal spheroids) that disrupt axonal trafficking. The latter can be appreciated with staining for neurofilament protein [18] , beta-amyloid precursor protein [33] , and the fractin antibody [33, 87] . Advanced axonal necrosis may be associated with mineralization of dystrophic axons that stain for calcium or iron. Necrosis progresses to the focal infiltration and reaction of macrophages and microglia, including lipid-laden macrophages visualized with markers that include CD45, CD68, Iba1, and the ricin and tomato lectins [16, 18, 30, 33] . The process of microglial reaction coincides with an early and progressive astrocyte reaction that delineates the borders of focal necrosis. These astrocytes can be visualized with GFAP, vimentin, and the hyaluronan receptor CD44 [18, 33] . When severe necrosis progresses to tissue liquefaction and cavitation, large and sometimes bizarre-appearing astroglial somata and processes form a pronounced glial scar that is enriched in extracellular matrix molecules, notably 1 3 hyaluronan, and stains palely for myelin markers, such as myelin basic protein (MBP) [17, 33] . When the cavitation is large and diffuse, it may be associated with a pronounced reduction in white matter volume, thinning of the corpus callosum and ventriculomegaly.
Although large necrotic lesions have decreased markedly, discrete small foci of microscopic necrosis (microcysts) less than 1 mm in diameter continue to occur commonly [143] . Similar to focal cystic necrosis, microcysts involve tissue destruction and are enriched in cellular debris, degenerating axons and phagocytic macrophages (Fig. 1d-f ). Due to their smaller diameter, microcysts are not routinely detected on clinical MRI scans at field strengths of 3 Tesla, but can be detected experimentally in tissue blocks analyzed ex vivo at higher magnetic field strengths of 12 Tesla [151] . A study of human archival and contemporary autopsy cases found that microcysts occurred in at least 30% of cases, but comprised only ~1-5% of the total burden of WMI [33] . Hence, microscopic necrosis occurs with high incidence, but the burden is typically low. The clinical importance of these small necrotic lesions remains an inaccessible question, since microcysts are not readily visualized with clinical MRI. Hence, microcysts may be clinically silent lesions or a significant contributor to motor or cognitive disabilities, depending upon the number and distribution within functionally significant regions of white matter. The distribution of microcysts is similar to that of cystic necrosis, which suggests a similar vascular ischemic origin.
The basis for the preferential localization of necrotic WMI to deep cerebral white matter remains speculative. There are apparent vascular end and border zones in the preterm periventricular white matter that may predispose to more severe ischemia [92, 135, 138, 174] . Multiple studies in human [6, 76, 144, [146] [147] [148] and preterm fetal sheep [74, 152, 173] found that cerebral white matter has an intrinsically lower basal cerebral blood flow compared to gray matter regions, which suggested that the susceptibility of the preterm infant to WMI is related to a heightened propensity for ischemia. Preterm infants studied by near-infrared spectroscopy displayed disturbances in cerebral cortical flow consistent with disturbances in cerebral autoregulation and a heightened risk for ischemia-induced WMI [169, 176] . Measurements of global cortical or white matter flow in human lack, however, the regional sensitivity to quantify flow in discrete regions of deep cerebral white matter where necrosis preferentially localizes. Studies in preterm fetal sheep achieved spatially resolved quantitative measurements of fetal CBF in utero that were co-registered with histologically defined analyses of WMI. These studies found that there were no pathologically significant gradients of flow between fetal cerebral cortex and deep cerebral white matter during either ischemia or reperfusion [126, 152] . Even during moderately severe global ischemia, some regions of white matter were relatively spared, whereas other neighboring regions sustained significantly greater cell death. Moreover, histologically Fig. 1 Severe WMI results in focal macroscopic or microscopic necrosis. a Gross pathology demonstrates the typical features of severe cystic necrotic WMI in an infant who died of complications of prematurity. Note the large foci of severe cystic necrosis (arrowheads) in frontal (upper specimen) and parietal (lower specimens) periventricular white matter. b Histological analysis of the frontal lesion (stained with hematoxylin and eosin) shows a large focus of necrosis (arrowheads) adjacent to the external angle of lateral ventricle (LV). The inset shows a high power detail of the edge of the lesion where tissue rarefaction is accompanied by reactive astrogliosis (arrows). c Appearance of cystic necrotic WMI on MRI. Images from a preterm infant born at 33-week gestational age and scanned at 5 weeks of age (38-week adjusted gestational age). Small areas of cavitation (arrowheads) are appreciated as hypointensity on the sagittal T 1 -weighted image and as hyperintensity on the axial T 2 -weighted image. d, e Low power image of the typical sparse and focal distribution of microscopic necrosis in the periventricular white matter from a human autopsy brain at 32-week post conceptional age. The microcyst was visualized with β-amyloid precursor protein, a marker of degenerating axons. f, g Higher power detail of the degenerating axons in the microcyst seen in the box in E and demonstrate that axonal degeneration was present both within the core and periphery of the microcyst. Scale bars e 500 μm; f 100 μm; g 25 μm (Images in A and B, Courtesy of Dr. Marjorie Grafe, Oregon Health & Science University. C, D, Courtesy of Dr. Ken Poskitt, Children's and Women's Hospital, University of British Columbia; E-F adapted from Back and Miller [19] ) confirmed WMI did not localize to regions susceptible to greater ischemia. Nor did less vulnerable regions of white matter have greater blood flow during ischemia. Ischemia thus appeared to be necessary but not sufficient to generate necrotic or diffuse WMI. In preterm fetal sheep, the severity of WMI was significantly associated with the magnitude of hypotension, hypoxemia, and hypoglycemia [153] . Collectively, these findings suggest that the propensity for more severe WMI is related to a combination of vascular anatomic immaturity, disturbances in cerebrovascular autoregulation, and a variety of metabolic factors that may predispose to more severe energy failure in regions of focal white matter necrosis.
Diffuse WMI is the predominant lesion in most preterm survivors
Diffuse WMI is the most common form of injury in contemporary cohorts of preterm newborns [33] . It may exist in isolation or be associated with foci of necrosis [143] . Because of its diffuse nature and the lack of discrete borders for many large regions of the centrum semiovale, it has been difficult to estimate the boundaries of diffuse lesions. We provided an estimate by adapting stereological principles to quantify the area fraction of GFAP-labeled astrocytes and Iba1-labeled microglia within putative lesions defined independently by histopathological review of hematoxylin and eosin (H & E) stained sections [33] . Unexpectedly, when the burden of astrogliosis and microgliosis was compared within putative lesions and the perilesion surround, the burden of reactive glia was found to be significantly elevated within the peri-lesion areas that were predicted to be normal-appearing on the basis of review of H & E staining.
Given that quantitative morphometric approaches are required to estimate the magnitude and distribution of diffuse reactive gliosis, it is not surprising that clinical imaging modalities appear to underestimate these lesions. Cranial ultrasound is the preferred bed-side imaging technique for diagnosing necrotic WMI, but it is less reliable for detection of diffuse WMI [93, 119, 131] . MRI is the preferred method to visualize diffuse WMI. On diagnostic MRI scans, WMI is visualized as either discrete focal or more diffuse areas of MR signal abnormalities [39] . The spectrum of non-cystic WMI-or "punctate" lesions has recently been described as linear or cluster lesions with different evolutions over time [104] . There is, however, unexplained variability in the nature of lesions detected at different centers, which may reflect differences in management, clinical acuity, or modes of detection. In particular, MRI appears to underestimate early diffuse lesions. Disparities between the clinical presentation and the distribution of lesions on MRI have been widely noted. Experimental studies that co-registered MRI and histopathology data demonstrated that early WMI is particularly well visualized at high magnetic field strength (12 T) [151] , which suggests that currently employed clinical MRI field strengths of 1.5-3 T may be a limiting factor to detect both diffuse WMI as well as microcysts.
As discussed below, preterm survivors frequently display diffuse abnormalities in gray and white matter maturation related to preterm birth that may be more common than pathologically defined focal WMI [39] . These diffuse maturational abnormalities may be related on MRI to enlarged subarachnoid spaces, a reduction in white matter, ventriculomegaly, and impaired gyral development [59, 164] . However, many premature newborns do not have these dramatic abnormalities, and up to 20% with adverse outcomes do not have significant qualitative abnormalities on MRI [31, 132] .
Diffuse WMI involves selective vulnerability of late oligodendrocyte (OL) progenitors
In contrast to necrotic injury, diffuse WMI is defined by selective degeneration of pre-oligodendrocytes (preOLs), whereas axons are mostly spared except in necrotic foci [87, 154] . Human preOLs are the predominant population of pre-myelinating OL progenitors in preterm human cerebral white matter [16] . We found that human preOLs are particularly susceptible to degeneration in preterm white matter lesions with confirmed oxidative damage defined by the levels of F 2 -isoprostanes, a quantifiable marker of reactive oxygen species-mediated tissue injury. Importantly, the levels of F 2 -isoprostanes detected in preterm lesions were similar in magnitude to those measured in moderately severe cerebral cortical hypoxic-ischemic lesions in term infants [18] . This finding supports that preterm human WMI is accompanied by a significant oxidative damage of a magnitude consistent with hypoxia-ischemia. Experimental data in support of a role for hypoxia-ischemia in acute preOL degeneration is discussed below.
The susceptibility to preterm WMI peaks at ~23-32-week post-conceptional age. During this protracted window in human pre-myelinating white matter development, human OL lineage cells develop according to a well-established sequence of maturational events, defined by stagespecific antibodies specific for sequentially expressed OL cell-surface and myelin-specific epitopes [16, 17, 97, 98] . Human preOLs are pre-myelinating late OL progenitors that are non-migratory but mitotically active (Fig. 2a-c) . They label with the O4 antibody but not the O1 antibody. They derive from a population of pre-myelinating, migratory, and mitotically active early OL progenitors that label for the NG2 proteoglycan and the platelet-derived growth factor-alpha receptor (PDGFRα). Although both these OL Fig. 2 Differentiation of human oligodendrocyte (OL) progenitors and myelination progress according to a well-defined lineage defined by specific markers. a Diagram depicting the maturation of the OL lineage. The four principal stages of the OL lineage are depicted together with their corresponding morphological features and potential for proliferation, migration, or myelination. Each stage is uniquely defined by a combination of marker genes or antibodies. A2B5, O4, and O1 refer to mouse monoclonal antibodies. Olig 2 and Sox10 are genes that are highly enriched in pre-myelinating OL progenitors. Olig 2 is also expressed at later stages in the OL lineage. Abbreviations: CNP (CNPase) 2′:3′-cyclic nucleotide-3′-phosphodiesterase; GalC galactocerebroside; MAG myelin associated glycoprotein; MBP myelin basic protein; MOG myelin oligodendrocyte glycoprotein; NG2 chondroitin sulfate proteoglycan 4; PDGFRα platelet-derived growth factor-alpha; PLP proteolipid protein. b, c Human preOLs (green) visualized with the O4 antibody. In c, note the GFAP-labeled astrocyte (red) with distinctly different morphology from the preOLs (green). d Human immature OLs visualized with the O4 antibody (arrowheads), which appear much more ramified compared to adjacent preOLs (arrows). e Early myelinating human immature OL (green; O1 antibody-labeled) extends several fine processes that make apparent contacts with individual axons visualized with the pan-axonal neurofilament protein marker, SMI312. f Three-dimensional reconstruction of an axon in the early stages of myelination that was visualized in the optic radiation from a case at 30-week post-conceptional age. An early myelinating OL, visualized with the O4 antibody, generates early loose axonal contacts (yellow) and myelin sheath wrappings (green) that spiral around an axon visualized with SMI312 (red). Two views of the axon are shown. The portion of the axon visualized at lower right demonstrates that the myelin sheath appears to be laid down in a segmental fashion (arrowheads). A portion of the O4-labeled OL soma is seen at lower left (s). The images in e and f were adapted from Back et al. [17] progenitor populations are typically subsumed under the designation "OL progenitors cells" or OPCs when studied in vitro, these two successive OL stages can be differentiated, for example, by the lack of O4 labeling of the PDGFRα-labeled OL progenitors. Moreover, the OL progenitors are highly resistant to hypoxia-ischemia, whereas preOLs are very susceptible to degeneration [14] . Pre-myelinating immature OLs (O4+O1+) (Fig. 2d) and mature myelinating OLs (Fig. 2e, f) also display greater resistance to cell death from hypoxia-ischemia or kainate toxicity in vitro [14, 156] .
An extensive human and experimental literature supports that preOLs are particularly susceptible to cell death, whereas other OL lineage stages are markedly more resistant [14, 18, 159] . Immature neurons in the preterm human cerebral cortex (Fig. 3a) and subcortical gray matter are also very resistant to oxidative stress as defined by cell death markers and quantitative measurements of F 4 -neuroprostanes, a sensitive and stable marker of oxidative damage to neuronal membranes [18] . By contrast, the preterm cerebral white matter sustains widespread preOL death under conditions that do not trigger significant degeneration of cortical neurons (Fig. 3b, c) . In response to moderately severe global cerebral ischemia, immature neurons in the cerebral cortex and caudate nucleus of preterm fetal sheep were similarly found to be strikingly resistant to cell death in contrast to preOLs [45, 125] .
When preOLs undergo apparent necrosis ( Fig. 3d-j) , they display a progressive series of morphological changes that include focal swelling of processes (Fig. 3e) , followed by fragmentation, which appear as a halo around the shrunken cell body (Fig. 3g-i) . With the collapse of membrane integrity, membrane-associated markers display intracellular localization (Fig. 3d-h ), as can be observed with staining with the O4 antibody [18] . A striking example of terminal preOL degeneration is also shown, for example, from a PVL case in Fig. 8A , as reported by Billiards et al. [29] .
Caspase-mediated mechanisms of apoptosis ( Fig. 3k-m ) also may contribute to acute preOL death from oxidative stress in human WMI [18] and hypoxia-ischemia in experimental models [14, 35, 38, 139] . The magnitude of caspase activation appears to be related to the severity of the hypoxic-ischemic insult. In response to moderate perinatal hypoxia-ischemia, most preOLs in rodents degenerated acutely by apparent necrosis that did not involve caspase-3 activation [14, 159] . By contrast, in the preterm sheep fetus, preOL degeneration more commonly involved activation of caspase-3, consistent with a milder insult [152] . Similar observations were made in late-gestation sheep [35, 38] . Hence, a less severe insult may result in a combination of apoptosis and necrosis, whereas more severe insults mostly trigger necrosis [40, 85] . The relative extent of apoptotic versus necrotic preOL degeneration is typically difficult to establish due to the lack of histological markers of necrosis. Ultrastructural studies from neonatal rodents in vitro and in vivo demonstrated that oxidative stress or moderate hypoxia-ischemia caused a form of oligodendroglial degeneration that displayed mixed features of necrosis and apoptosis [12, 13] .
Maturation-dependent vulnerability of the human OL lineage to oxidative stress and hypoxiaischemia
The major period of vulnerability for human WMI coincides with a developmental window when the white matter is at increased risk for oxidative stress from hypoxiaischemia or maternal-fetal infection [68, 82] . The high-risk period for WMI thus precedes the onset of myelination [16, 149] . As noted above, the high-risk period occurs when the white matter is populated primarily by preOLs that are the principal target for cell death in white matter lesions. The decline in risk for WMI coincides with the onset of a wave of differentiation of preOLs to immature OLs that initiate myelination [17] . PreOLs are particularly susceptible to maturation-dependent mechanisms of free radical-mediated injury, whereas earlier and later OL lineage stages are much more resistant to intrinsic and extrinsic sources of oxidative stress both in vitro and in vivo [13, 14, 25, 67, 70, 112] .
A role for oxidative stress in preOL degeneration is supported by in vitro, experimental and human neuropathology studies. During fetal brain development, the cerebral white matter is already enriched in membrane lipids that are readily oxidized [86, 99, 134] . The preterm white matter may be more vulnerable to oxidative damage than at term because of a delay in expression of the antioxidant enzymes, superoxide dismutases-1 and -2, catalase, and glutathione peroxidase [25, 26, 69] . However, expression data in rat and human have not been confirmed with enzyme activity data. A fetal rabbit model of reperfusion-reoxygenation demonstrated increased superoxide generation with immediate ischemia-reperfusion that was associated with a doubling in the rate of hypertonia observed in neonatal pups delivered at term. Notably, there was a significant reduction in hypertonia in response to early delivery of a superoxide dismutase mimic or anti-oxidants [55] .
Although controversy exists regarding the role of reactive nitrogen species in the pathogenesis of early WMI, human preterm white matter is especially prone to lipid peroxidation-mediated injury [18, 88] . Both the biochemical and immunohistochemical detections of protein, lipid, and DNA adducts generated by reaction oxygen and nitrogen species (e.g., protein carbonyls, 4-hydroxynonenal, and 8-oxo-deoxyguanosine) are unreliable in human preterm WMI [18] . Sensitive detection of the aldehydes formed Fig. 3 Acute human diffuse WMI is accompanied by selective preOL death. a-c Cell death is visualized in a-c by TUNEL staining, which detects DNA fragmentation of apoptotic and necrotic cells. a Rare cell death was seen in the overlying cerebral cortex, shown here from analysis of a preterm infant with diffuse WMI at autopsy. The arrow marks the pial surface. b, c Periventricular white matter from the same case showed extensive cell death that was confirmed below to be due to preOL degeneration. The individual degenerating cells appear as bright green. d-f Typical example of a gradient of early WMI that preferentially localized to deeper areas of cerebral white matter in (d) and (e) with more normal appearing white matter in (f). Note the marked reduction in staining for preOLs in (d) and (e) compared to (f). In addition, note the severely damaged cell remnants in d (arrow; detail in inset) and the paucity of normal appearing preOLs in e (arrow; detail in inset). g Typical appearance of shrunken degenerating preOLs (arrows) scattered among more normal-appearing cells (arrowheads), also shown in the inset. h, i Typical morphology of a degenerating preOLs with a halo of fragmented degenerating processes. j Numerous preOLs (red) also seen adjacent to but not within a focal lesion (arrows) in the subventricular zone deep to the periventricular white matter. Note the many degenerating TUNEL-labeled cells (green). k-m Examples of apoptotic preOLs with a typical fragmented condensed nucleus. Adapted from reference: [18] 4 Pathogenentic mechanisms of focal necrotic and non-necrotic diffuse WMI. a Distinctly different pathogenetic mechanisms mediate abnormal myelination in focal necrotic lesions (periventricular leukomalacia (PVL); upper pathway) versus lesions with diffuse WMI (lower pathway) that are related to the severity of hypoxiaischemia. When more severe, hypoxia-ischemia triggers white matter necrosis (upper pathway) with pancellular degeneration that depletes the white matter of glia and axons. Severe necrosis results in cystic PVL, whereas milder necrosis results in microcysts. Milder hypoxiaischemia (lower pathway) selectively triggers early preOL death, but preOLs are rapidly regenerated in chronic lesions enriched in reactive astrocytes that contribute to a block in preOL differentiation to myelinating OLs. Myelination failure in diffuse WMI thus results from preOL arrest rather than axonal degeneration, as occurs with white matter necrosis. Note that the lower pathway is the dominant one for many contemporary preterm survivors, whereas the minor upper pathway reflects the declining burden of white matter necrosis. b-d Chronic WMI displays myelination disturbances related to arrested preOL maturation. b Typical appearance of normal early myelination in neonatal rodents. Axons are visualized in red and early myelination of axons is in green. c Arrested maturation of preOLs in a chronic white matter lesion arising from hypoxia-ischemia (HI) where numerous preOLs (green; arrowheads) are seen, but the axons (red; arrows) are diffusely unmyelinated. d Normal early myelination (O1-antibody; green) in control subcortical white matter (corpus callosum/external capsule) at postnatal day 10 (1 week after HI). There are low levels of GFAP-labeled astrocytes (red) in the white matter, adjacent cortex (CTX) and caudate putamen (CPu). e Absence of myelin (green) in the contralateral post-ischemic lesion coincided with a diffuse glial scar that stained diffusely for GFAP-labeled astrocytes (red). f Early myelination in control white matter at P10 with sheaths (yellow) double-labeled for O4 and O1 antibodies. g Absence of myelin in the contralateral lesion coincided with clusters of preOLs (O4+O1−) in maturation arrest (red; arrowheads). Such dense clusters of preOLs are not normally seen in control white matter and are consistent with the pronounced proliferative state that is triggered in response to injury. Apparent oligodendrocytes (yellow; arrows O4+O1+) are rarely seen in the lesions. a-c Adapted from Back and Miller [19] . d-g Adapted from Back and Rosenberg [20] . Scale bars: b, c 100 µm 1 3 from lipid hydroperoxides in glia is specifically achieved by quantification of F 2 -isoprostanes, which are stable adducts in postmortem human tissue [136] . F 2 -isoprostanes were significantly elevated in histopathologically confirmed cases of early WMI [18] and were similar to the levels detected in the cerebral cortex where hypoxic-ischemic encephalopathy was diagnosed. This oxidative damage was accompanied by a pronounced increase in degenerating preOLs in the periventricular white matter. F 4 -neuroprostanes, a specific marker of oxidative injury to neuronal elements, were not detected in white matter or cerebral cortex, consistent with the notion that neurons and axons were spared. Hence, oxidative damage selectively triggers cell death in preterm human white matter. Moreover, during the early phases of WMI, the magnitude of oxidative damage is comparable to that sustained in the cerebral cortex after severe perinatal asphyxia.
As noted above, it was shown experimentally that ischemia is necessary but not sufficient to cause WMI. Even under conditions of moderately severe ischemia, some regions of white matter may be relatively spared. Consistent with observations that preOLs are selectively vulnerable to oxidative stress, the timing of appearance [34] and spatial distribution of susceptible preOLs [152] have provided an explanation for the magnitude and distribution of acute hypoxic-ischemic WMI in several experimental models of WMI. The white matter of 2-day-old preterm-equivalent rat pups, for example, displays a much greater susceptibility to hypoxia-ischemia than in 7-day-old near-term equivalent animals [14] . A major developmental difference at these two ages is the extent of differentiation of the OL lineage. At postnatal day 2, the rat white matter contains predominantly preOLs and, thus, resembles human cerebral white matter during the high-risk period for WMI [44] . By day 5, in three different strains of rat, the white matter is, in fact, populated mainly by a more differentiated population of immature OLs, and thus resembles near-term human [46] . PreOLs are very susceptible to hypoxia-ischemia, whereas earlier and later OL lineage stages are much more resistant [14, 152, 159] . The enhanced susceptibility of preOLs in vivo is, thus, a stage-specific property that is independent of the developmental age of the animal or the location of these cells in cerebral white matter.
As the white matter matures, it displays greater developmental resistance to hypoxia-ischemia that is related to the onset of preOL differentiation. As noted above, pre-myelinating immature OLs and mature myelinating OLs display reduced susceptibility to oxidative stress and hypoxiaischemia. Similar to reactive astrocytes, immature OLs in the white matter often display a robust reactive response to cerebral injury, which is common after hypoxia-ischemia at postnatal day 7 in the rat [14] . This response coincides with gray matter injury and secondary injury to axons in the adjacent callosal white matter. Cerebral hypoxic-ischemic injury in rodents thus differs markedly from human due to substantial necrotic neuro-axonal injury. Gray matter necrosis uncommonly occurs in association with human WMI unless the latter injury also involves necrosis [22, 47, 89, 121, 143] . In preterm fetal sheep, more selective WMI is generated by global ischemia and severe necrotic WMI is typically observed under conditions of prolonged global cerebral ischemia [152] . When selective WMI is generated, the regional distribution of WMI is closely associated with the distribution of vulnerable preOLs and other neural cell types (astrocytes, microglia, and axons) are markedly more resistant to injury.
The notion that preOLs define the susceptibility to WMI is further supported by studies that asked whether WMI would occur in fetal animals that lacked preOLs in cerebral white matter tracts. In a fetal rabbit model of placental insufficiency, reduced susceptibility of the white matter to hypoxia-ischemia at embryonic day 22 (E22) was accounted for by a paucity of preOLs. During fetal rabbit white matter development, a coordinate increase in the generation of preOLs occurs in most white matter tracts around E25. By E25, a pronounced increase in preOLs coincided with a marked increase in WMI and significant degeneration of susceptible preOLs. Taken together, these findings support that perturbations in cerebral blood flow are necessary but not sufficient for WMI. The developmental predilection for WMI is related to both the timing of appearance and regional distribution of susceptible preOLs. These findings predict that some near-term infants with delayed OL differentiation and myelination may also be more susceptible to WMI. As noted above, near term and term infants with congenital heart disease are at high risk for WMI [127] . Several clinical and MRI studies support the notion that this susceptibility relates to a delay in brain maturation [41, 51, 110, 111, 133] . Hence, the targeted death of preOLs from hypoxia to ischemia or inflammatory mediators may contribute to the pathogenesis of acute human WMI across a broad range of gestational ages and regions of white matter.
Mechanisms of myelination disturbances in chronic focal or diffuse WMI Myelin loss in chronic focal WMI involves axon degeneration
Disturbances in OL lineage maturation and myelination are central features that distinguish chronic WMI in human preterm survivors from other forms of neonatal cerebral 1 3 injury. Myelination disturbances arise from two related mechanisms (Fig. 4a, upper pathway) . The first involves axonal degeneration in focal WMI. Early histopathological descriptions of myelination disturbances included many cases where focal cystic necrotic WMI (PVL) with axonal degeneration was associated with diffuse white matter astrogliosis [29, 91] .
Focal necrotic lesions often contain dystrophic axons and axonal spheroids, which degenerate during the early phase of coagulative necrosis [22, 47, 89, 121] . Small premyelinated axons are particularly susceptible to glutamatemediated excitotoxicity at sites of contact with OL processes and involve both N-methyl-d-aspartic acid (NMDA) and non-NMDA glutamate receptors [4, 66] . Axons also display maturation-dependent vulnerability to oxidative stress and hypoxia-ischemia [5] . Larger caliber axons, which are preparing to myelinate, are particularly susceptible to injury via axolemma-associated voltage-gated calcium channels, in contrast to smaller caliber unmyelinated axons, which are more resistant. More diffuse axonal dysfunction (e.g., trafficking disturbances) that does not involve overt degeneration remains speculative and difficult to study due to a lack of useful histopathological markers.
The second mechanism of myelination disturbances (Fig. 4a, lower pathway) involves preOL death in diffuse WMI, which disrupts OL lineage maturation and myelination (see below). Primary axonal injury does not appear to be a major feature of diffuse human WMI during the premyelinating phase of white matter development. Rather, diffuse preOL death predominates but may be accompanied by axonal degeneration in sporadic focal necrotic lesions. Focal axonal loss was found to be a minor component of WMI in both sheep and human studies, where they comprised about 5% of the total burden of WMI [33, 151] . During the chronic phase of diffuse WMI in preterm fetal sheep, no significant axonal degeneration, axonal loss, or shift in the distribution of axon calibers was observed by light [151] or quantitative electron microscopy [154] studies.
In contemporary cohorts of patients, MRI more commonly defines focal or diffuse signal abnormalities that do not involve large cystic lesions. Although these diffuse MRI abnormalities are often attributed to disruption in the cellular events that contribute to pre-myelination or myelination, these studies lack histopathological correlation and the cellular-molecular basis for the white matter signal abnormalities is unclear. For example, in subjects with these milder forms of diffuse WMI, fractional anisotropy (FA) did not increase in central white matter tracts relative to normal infants [90, 128, 130] , and this was proposed to be related to abnormal pre-myelination or myelination. Findings from a preterm fetal rabbit model of global cerebral ischemia [49, 53, 54] identified that the most rapid rise in FA normally occurs prior to myelination at a time when pre-myelinating immature OLs increase in number in central white matter tracts and axons show maturational changes [56] . These experimental findings suggest that MRI-defined WMI in contemporary cohorts of patients may be related to disturbances in OL lineage maturation rather than axonal degeneration, but histopathological confirmation in human is needed.
Myelination disturbances in chronic diffuse WMI are related to aberrant preOL maturation
As discussed above, focal necrotic WMI results in myelination failure, which is likely to be permanent, because it typically involves necrotic degeneration of all cell types in the lesion. The pathogenesis of diffuse chronic WMI is distinct from the process that leads to focal necrosis and may be potentially reversible. Diffuse WMI involves two major overlapping events that disrupt the normal progression of preOL differentiation and myelination in developing white matter. The initial response to injury involves an early proliferative response to WMI characterized by a significant increase in OL progenitors in subacute lesions. This plasticity response results in expansion of the pool of OL progenitors that are available to generate new preOLs to replace those that degenerate during acute WMI. The second overlapping event occurs over days to weeks after WMI and involves a disruption in the normal differentiation of newly generated preOLs to myelinating OLs. Despite the pronounced selective degeneration of preOLs in early diffuse WMI (see above), disturbances in myelination in chronic lesions do not appear to arise from a loss of myelinating OLs. Rather, newly generated OL progenitors fail to differentiate beyond the preOL stage to mature myelinating OLs. These two key events in disrupted white matter regeneration and repair are discussed in the following sections.
OL progenitor proliferative response
In several experimental studies, the total pool of preOLs in neonatal rat white matter lesions increased several fold in subacute lesions [159, 185, 191] . This robust response is initiated rapidly. Within 24 h after hypoxia-ischemia in neonatal rats, the total preOL pool was already increased 2-3 fold and continued to increase further for several days [159] . Although preOLs are a mitotically active population of cells in vitro, this robust expansion of the preOL pool appears to be mostly driven by a large reservoir of OL progenitors that proliferate locally in white matter lesions. A potential additional site for OL progenitor proliferation is the neural stem cell rich subventricular zone (SVZ). However, consistent with prior studies [65, 188, 190] , we found that local proliferation of OL progenitors in the SVZ was less robust than within the lesions [159] .
Human studies similarly found that the total pool of OL lineage cells was not depleted in chronic lesions [29, 33] . Although a pronounced loss of preOLs occurs during the acute phase of WMI [18] , a significant diffuse increase in preOLs was found in chronic lesions from subjects that survived for at least 2-3 weeks after birth [33] . Interestingly, in age-related cognitive decline, human vascular WMI also displays a significant increase in total OL lineage cells [15] that is similar to that reported in human preterm WMI [33] . Hence, both in the developing and aging white matter, injury may trigger an initial robust OL progenitor proliferative response. Also common to both forms of WMI is a diffuse activation of microglia and astrocytes [33, 143, 178] . This diffuse inflammatory response thus accompanies the robust proliferative response of early OL progenitors and points to a generalized activation of multiple glial cell populations in response to WMI.
PreOL dysmaturation in chronic WMI
A major consequence of the chronic glial inflammatory response in chronic WMI is a disruption of the normal progression of preOL maturation and myelination. Although a large pool of preOLs are regenerated and survive in chronic lesions, they do not follow the normal trajectory for differentiation and myelination. This disruption in myelination occurs, even though experimentally generated lesions contain numerous intact axons [154, 159] . In response to focal cerebral hypoxia-ischemia in the preterm-equivalent neonatal rat, for example, the control hemisphere displays normal myelination (Fig. 4b) , whereas preOLs in white matter lesions fail to differentiate or myelinate despite the presence of numerous intact-appearing axons (Fig. 4c) . Notably, in diffuse WMI in preterm fetal sheep, no significant axonal degeneration, axonal loss, or shift in the distribution of axon sizes was identified by light or quantitative electron microscopy studies [151, 152, 154] . Morphometric and ultrastructural studies provide no information about the long-term functional integrity of axons, however, which may be disrupted due to lack of trophic support from oligodendrocytes [107] .
In preterm-equivalent rodents and preterm fetal sheep, chronic hypoxic-ischemic WMI was accompanied by disrupted maturation of preOLs to myelinating OLs. In diffuse WMI in preterm sheep, a near doubling in preOL density coincided with about a 50% decrease in OLs [151] . Similarly, in human diffuse WMI, a significant increase in preOLs coincided with a reduction in the total percentage of OLs [33] . Moreover, in both human and preterm fetal sheep, the accumulation of preOLs in chronic lesions was significantly associated with the magnitude of astrogliosis [33, 151] . The striking lack of myelination in gliotic lesions can also be appreciated in the neonatal rat where myelinating white matter (O4+O1+) is associated with the modest levels of GFAP-labeled astrocytes (Fig. 4d) compared to injured white matter (Fig. 4e) , which displays profound reductions in myelination. This lack of myelination is related to the pronounced accumulation of preOLs (O4+O1−) that fail to differentiate to myelinating OLs (Fig. 4f, g ). As discussed below, a mechanistic role for several astrocyte-derived factors has been linked to preOL dysmaturation and myelination failure.
Since preOLs are highly susceptible to oxidative stress, an important unresolved question is whether the accumulation of preOLs in chronic WMI renders these lesions persistently more susceptible to recurrent injury from hypoxia-ischemia. To determine whether preOL dysmaturation extended the developmental window for susceptibility to WMI, we analyzed the severity of the WMI in response to recurrent hypoxia-ischemia. In response to recurrent hypoxia-ischemia, preterm-equivalent rodents displayed a pronounced increase in apoptotic preOL death that may have been related to loss of trophic support from diffuse neuro-axonal degeneration [159] . However, recurrent hypoxia-ischemia in preterm fetal sheep did not trigger pronounced preOL death or neuro-axonal degeneration [83] . This suggests that when only dysmature preOLs populate a chronic lesion, they may confer protection against recurrent WMI. An important future direction would be to determine if preOL dysmaturation confers upon these cells a greater resistance to oxidative stress via an ischemic tolerance-like mechanism.
Chronic WMI: what is the potential for regeneration and repair?
The persistence of a substantial pool of dysmature preOLs in WMI suggests the potential to promote repair of chronic lesions through strategies that promote preOL differentiation. Disrupted maturation of the OL progenitor pool in chronic adult WMI has been studied in experimental models of myelination failure relevant to neonatal WMI, multiple sclerosis, and vascular dementias. These studies have resulted in the identification of intrinsic, extrinsic, and epigenetic factors that regulate the OL progenitor cell cycle, preOL differentiation, and myelination [23, 58, 62, 162, 163] . Oxidative stress activates multiple genes, which regulate OL maturation, and oxidative stress promotes global histone acetylation, which can block OL differentiation [21, 50, 71, 109, 160] . Post-transcriptional control by microRNAs regulates OL differentiation and OL progenitors that lack mature microRNAs display arrested maturation [57, 161] .
Disruption of the extracellular matrix is a prominent feature of chronic WMI in both the developing and aging white matter and is linked to diffuse reactive astrogliosis [15, 33, 37] . In diffuse preterm human WMI, the extracellular matrix is a particularly rich source of hyaluronic acid and one of its receptors, CD44 [33] . CD44-positive reactive astrocytes are significantly associated with the magnitude of WMI. Reactive astrocytes synthesize megadalton forms of hyaluronic acid which are associated with lesions [9] . In preterm fetal sheep, hyaluronic acid was robustly elevated in the first week after acute WMI from hypoxia-ischemia and was still modestly elevated in chronic WMI at 2 weeks [83] . A block in preOL maturation is stimulated both in vitro and in vivo by hyaluronic acid and is related to hyaluronic acid digestion products generated by CNS enriched hyaluronidases that orient to the extracellular matrix [11, 83, 145, 165] . Pharmacological inhibition of hyaluronidases promotes preOL maturation in vitro and myelination in vivo, which is accompanied by enhanced nerve conduction [145] . Reactive astrocytes also display enhanced expression of bone morphogenetic proteins that inhibit OL progenitor differentiation and promote astrocyte differentiation [183] . Reactive astrocytes display enhanced expression of the Notch ligand Jagged1 which is elevated in demyelinating lesions and activates Notch signaling in OL progenitors to prevent their maturation [101] .
Dysregulation of WNT-beta catenin signaling also disrupts OL progenitor maturation, delays normal myelination, and disrupts remyelination [60, 61, 64, 124, 175, 189] . Constitutive expression of the epidermal growth factor receptor (EGFR) in neonatal white matter promotes proliferation of OL progenitors [94] , and enhanced EGFR signaling stimulates adult CNS myelination and remyelination [3] . EGFR activation via an intranasally administered form of EGF reduced OL death from chronic neonatal hypoxia, promoted OL maturation and myelination, and led to functional improvement [158] .
Since multiple signaling pathways are implicated in the pathogenesis of myelination failure, one therapeutic strategy has targeted multiple signaling pathways via the pleiotropic growth factor, erythropoietin (EPO), which promote angiogenesis, neurogenesis, and gliogenesis during normal brain maturation [75, 95, 100, 102, 103, 116, 187] . A randomized trial of high-dose recombinant EPO to preterm infants in the first 2 days of life was safe and associated with enhanced MRI-defined white matter maturation [63, 140] , but 2 year neurodevelopmental outcomes were not improved [137] . A recent double-blinded, placebo-controlled trial of EPO administered with therapeutic hypothermia showed potential benefit for neonatal encephalopathy in term infants. MRI-defined brain injury in the perinatal period was significantly reduced and improved motor function was observed at 1 year of age [186] . Other agents that may provide at least partial protection against preterm WMI include melatonin [77] , thyroxine [182] , and magnesium sulfate [52] . Another potentially promising approach to block multiple cell death pathways is to combine cerebral hypothermia with an agent that protects against preOL death. In pre-clinical studies, cerebral hypothermia rendered greater global protection against WMI and preOL degeneration [24] . However, there is insufficient contemporary clinical data regarding the safety of hypothermia in the human preterm neonate [80] . Moreover, although a variety of agents have shown promising pre-clinical neuro-protection for cerebral injury in fullterm neonates, many of these agents have not been extensively evaluated for preterm WMI [155] .
Taken together, these studies suggest multiple potential strategies to stimulate regeneration and repair of WMI to circumvent disrupted myelination in neonates. An important future direction will be to define the evolution of cerebral WMI over months to years to identify the relative contributions of disrupted myelination and axonal dysfunction to functional disabilities in preterm survivors. What is the period over which the glial scar remodels and preOL arrest persists? Such information is of critical importance to define the window of opportunity for interventions to promote repair of WMI. Definition of this therapeutic window may be achieved by more sensitive neuroimaging that reliably discriminates disrupted myelination from other pathological processes such as reactive gliosis or disruption of the extracellular matrix that progresses in tandem in the chronic injury environment.
As recently reviewed [20] , it is evident from studies of human WMI that preterm infants sustain a unique pattern of injury responses that differ substantially from that seen in rodent models. Some rodent models of hypoxiaischemia, hyperoxia, or chronic severe hypoxemia generate markedly different patterns of WMI from human. In some instances, these models do not trigger preOL degeneration or reactive gliosis. Diffuse human WMI is also not associated with significant injury to cortical and subcortical gray matter structures, in contrast to some hypoxia-ischemia models in neonatal rodents [117, 122, 177] or fetal rabbits [34] where widespread necrotic and apoptotic neuronal degeneration occurs.
To better define the translational relevance of mechanisms to promote regeneration and repair of WMI, more widespread application of large pre-clinical models is needed. Despite the greater expense and challenges of nonhuman primate or preterm fetal sheep models, they provide access to forms of white matter pathology that more closely approximate that seen in human preterm survivors [10, 78] . Large pre-clinical animal models also provide access to study gyrencephalic white matter, which more closely approximates the human connectome. Recent studies from preterm fetal sheep, for example, support that WMI is accompanied by widespread disturbances in gray matter growth and maturation that resemble those defined in human by volumetric MRI studies [45, 125] . Such findings support that neonatal WMI occurs within the broader scope of global disturbances in cerebral gray matter maturation. It is presently unclear if disturbances in gray matter growth are related to WMI or occur due to independent mechanisms of neuronal dysmaturation. It is also unclear what the relative contributions of WMI and gray matter dysmaturation are to the complex neurobehavioral disabilities sustained by many preterm survivors. It nevertheless seems likely that disturbances in early myelination will have wide-ranging deleterious consequences for the establishment of neuronal connectivity during a critical window in brain development. Hence, developing optimal therapeutic strategies to lessen the impact of WMI may have significant impact on both preterm white and gray matter functional development.
